Abstract
Eastern hemlock (Tsuga canadensis (L.) Carr.) is a foundation tree species in the 37 northeastern United States (Ellison et al. 2005) . Often found on steep slopes and in riparian 38 areas, hemlocks filter water, retain soil, and provide shade to streams and habitat to wildlife 39 (Bonneau et al. 1999) . Currently, the vigor of the eastern hemlock population is declining due to 40 multiple stressors like the elongate hemlock scale (Homoptera: Fiorinia externa Ferris), hemlock 41 tip blight (Sirococcus tsugae), and more prominently the hemlock woolly adelgid (HWA)
42
(Hemiptera: Adelges tsugae Annand).
43
Multiple studies have been published documenting the biology and ecology of HWA
44
(McClure and Cheah 1999), its effects on needle chemistry (Radville et al. 2011) , volatiles 45 (Pezet et al. 2013 ), water and carbon relations (Domec et al. 2013) , and radial growth (Davis et 46 al. 2007 ). The effects of HWA infestation on hemlock reflectance features has received little attention, focusing only on airborne hyperspectral data collection and modeling (Hanavan et al. 48 2015, Pontius et al. 2005a Pontius et al. , 2005b .
49
The purpose of this study was to examine the effects of HWA infestation on hemlock 50 reflectance over time and how those changes related to leaf biophysical variables. The ultimate 51 goal was to determine an optimal time period in the growing season for discrimination between 52 infested and non-infested hemlock stands with either narrow or broadband remote sensing 53 platforms. Our objectives were to: Reflectance properties of plants are controlled by pigments, cellular structure, and the 78 amount of moisture filled intercellular air spaces contained within the spongy mesophyll (Gates 79 et al. 1965) . Changes in these properties due to HWA feeding would induce spectral shifts that 80 could be compared to "healthy" spectra. In addition, many vegetation indices (VIs) that estimate 81 biophysical parameters from spectral reflectance data have been developed; this project utilized 82 four VIs to characterize possible differences in hemlock foliar health: Red Edge Inflection Point 83 (REIP) (Horler et al. 1983 ), a measure of chlorophyll content; Normalized Difference 84 Vegetation Index (NDVI) (Rouse et al. 1974 ), a measure of chlorophyll content and canopy 85 biomass; Near Infrared (NIR) 3/1 Ratio (Bubier et al. 1997 ), a measure of foliar maturity; and the
86
Moisture Stress Index (MSI) (Rock et al. 1986 ), a measure of leaf turgor.
87
Reflectance measuring sensors have the ability to detect canopy photosynthetic pigment 88 and moisture statuses at varying spectral, spatial, and temporal resolutions. Identifying sensor 89 traits that would be advantageous in detecting forests of declining health is paramount in remote 90 sensing mission planning. We set out to determine how HWA infestation affected hemlock 91 reflectance properties through changes in chlorophyll concentration and needle turgor, thereby 92 inferring an appropriate spectral resolution for discriminating between HWA infested and non-93 infested forests. We also aimed to identify when the differences between infested and non-94 infested foliage were greatest by observing changes over time, thereby inferring the ideal 95 timeframe for data collection and determining whether the duration of the spectral response 96 would influence decisions concerning sensor temporal resolution. Given the potential for the 97 rapid spread of HWA infestations due to its biannual and asexual lifecycle (McClure 1987 (Rouse et al. 1974 ). The 146 MSI, an estimator of foliar water content, was calculated using estimated Landsat NIR and 147 MidIR (B5) bands (B5/B4) (Rock et al. 1986 ). The NIR 3/1 ratio, an estimator of foliar 148 maturity, was calculated as the slope of the NIR plateau (Bubier et al. 1997) . Indices and spectra 149 data from all sites were pooled by infestation status (infested or non-infested) and then averaged 150 for each month; any non-infested samples from trees that were later determined to be infested 151 were excluded. Site to site variation in the 2012 data was not specifically addressed due to the 152 majority (79.7%) of infested samples coming from the Rachael Carson National Wildlife Refuge.
153
Statistical differences between infested and non-infested foliage were tested for both the spectra 
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176
Following the 2012 sampling period frozen foliage from June, July and August were used was placed into a centrifuge tube with 10 mL of 95% ethyl alcohol (ETOH) and incubated in a 180 60° C water bath for 16 hours (Minocha et al. 2009 ). Extractions were cooled to room 181 temperature in the dark and transported to a separate lab in a cooler. Samples were centrifuged 182 for five minutes at 5000 revolutions per minute (RPM). Approximately 2 mL of extract were 183 pipetted into 3 mL quartz cuvettes (n = 5 for each tube); absorbance was measured using a
184
Genesys 6 (Fisher Scientific) spectrophotometer at 470, 649, and 664 nm. Chlorophylls (a, b 185 and total) and total carotenoid concentrations were calculated using equations from Lichtenthaler measurements were used in the multiparametric JIP Test (Strasser et al. 2000 (Strasser et al. , 2004 non-infested foliage; the greatest differences occurred in June (2.6%) and July (2.0%) post HWA 232 settlement ( Fig. 2A, 2C ). Infested foliage red edge (680-750 nm) reflectance values ranged from 233 0.8 to 4.6% lower than non-infested foliage, indicating a shift of the red edge to longer 234 wavelengths. The greatest differences in the red edge region also occurred in June (4.5%) and D r a f t July (3.5%) ( Fig. 2A, 2C ). For the remaining months green peak differences were less than 1.3%
236
and red edge differences were less than 2.4%.
237
Statistical differences between current year infested and non-infested foliage in the 238 visible and red edge regions were most notable in June and July (Fig. 3A, 3C ). In June, 28 bands 239 from 400 to 494 nm, 32 bands from 500 to 547 nm, and 21 bands from 648 to 679 nm comprised 240 the 81 total bands across the visible portion of the spectrum that were significantly different (P < 241 0.05) ( Table 3 ). The most significant (P < 0.01) bands in the visible region were at 493 and 502 242 nm. In the red edge region 37 bands were found to be significantly different (P < 0.05) ( Table   243 3). The most significant (P < 0.01) bands were from 721 to 729 nm; six consecutive bands that
244
were each approximately 2 nm wide. In July, 50 bands from 500 to 596 nm and 7 bands from 245 604 -635 nm comprised the 57 total bands across the visible portion of the spectrum that were 246 significantly different (P < 0.05) ( Table 3 ). The most significant (P < 0.01) bands in the visible 247 region were at 520, 525, and 543 nm. Only one band in the red edge at 705 was found to be 248 significantly different (P = 0.04).
249
Differences in NIR reflectance (750 -1400 nm) ranged from 3.0% lower than non-250 infested foliage in June ( Fig. 2A ) to 2.0% higher than non-infested foliage in September, October
251
and November (Fig. 2G, 2I, 2K) . No statistical differences between infested and non-infested 252 foliage in the NIR region were observed (Table 3) 
(Fig. 3). Differences in MidIR reflectance
253
(1400 -2400 nm) values ranged from 1.8% lower than non-infested foliage in October ( 2) of first year foliage was greatest in both the visible and red edge spectral regions for all 260 months observed except for October ( Fig. 2J ) when the MidIR reflectance region had the greatest 261 sensitivity. The greatest sensitivity to infestation for first year growth was observed in late June 262 and July. In the visible light reflectance region, sensitivity in June and July was greatest from 263 approximately 500 to 650 nm (Fig. 2B, 2D ). In the red edge region, sensitivity was greatest at 264 approximately 700 nm (Fig. 2B, 2D ).
265
Second year foliage reflectance difference values were inconsistent compared to current 266 year reflectance differences. Differences in visible light reflectance were greatest near the green 267 peak; values ranged from 0.4% lower than non-infested foliage in June ( Fig. 4A ) to 0.3% higher
268
in October (Fig. 4I ). Red edge spectral region values ranged from 2.2% lower than non-infested 269 foliage in September to 2.7% higher in July (Fig. 4A, 4C ). Differences in NIR reflectance 270 ranged from 2.6% lower than non-infested foliage in September to 3.1% higher in July ( values ranged from 2.3% lower in September ( Fig. 4G ) to 1.7% higher in December (Fig. 4M ).
274
Statistical differences between second year infested and non-infested foliage were 275 greatest in the visible spectral region in July (Fig. 3D ). In July, 13 bands from 400 to 494 nm 276 and 5 consecutive bands from 503 to 515 nm comprised the 18 total bands across the visible 277 portion of the spectrum that were statistically significant (P < 0.05) ( Table 3 ). The only band in 278 the red edge region that was significantly different was at 687 in August (P = 0.03) (Fig. 3F) second year infested foliage were observed (Table 4) .
298
Both first year and second year infested foliage generally had lower mean MSI values 299 than non-infested foliage (Fig. 5E, 5F ). First year foliage was found to have statistically lower 300 mean MSI values in October (P = 0.01) and November (P = 0.02) ( Table 4 ). Second year 301 infested foliage had statistically lower mean MSI values in July (P = 0.03), October (P = 0.03),
302
and November (P = 0.03) ( of August (P = 0.03), October (P = 0.01), and November (P = 0.02) ( 3.0% lower than non-infested foliage on 10 June (Fig. 6C ) to 12.1% higher on 24 June (Fig. 6G ).
320
Differences in MidIR reflectance values ranged from 2.5% lower than non-infested foliage on 10 321 June (Fig. 6C ) to 2.5% higher on 4 June (Fig. 6A ).
322
Statistical differences between infested and non-infested foliage were greatest the week 323 of 1 July (Table 5 ). In the visible portion of the spectrum 37 bands from 504 to 598 nm and 7
324
bands from 604 to 637 nm comprised the 44 total bands that were significantly different (P < D r a f t 16 0.05) ( were also significantly different (P < 0.05) ( Table 5) (Fig. 7E ). Significant differences were also 328 observed the week of 17 June in the NIR spectral region, in all twenty-eight bands from 961 to 329 1311 nm were significantly greater than non-infested foliage (P < 0.05) ( Table 5 ) (Fig. 7C) .
330
Sensitivity to infestation was greatest in both the visible and red edge spectral regions the 331 week of 1 July, approximately two weeks after HWA settlement on new hemlock growth.
332
Sensitivity in the visible portion of the spectrum was greatest from 515 to 637 nm (Fig. 6J) , and 333 in the red edge region sensitivity peaked at approximately 700 nm. In the NIR and MidIR 334 spectral regions sensitivity was greatest the week of 24 June.
335
Infested foliage generally had higher mean REIP and NDVI values over the five week 336 sampling period (Fig. 8A, 8B ). Statistically greater mean REIP values were observed on 1 July
337
(P = 0.01) ( Table 6 ). Statistically greater mean NDVI values were observed on 4 June (P = 0.02) 338 and 1 July (P = 0.02) ( Table 6 ). Moisture Stress Index (MSI) and NIR 3/1 values were not 339 statistically different between infested and non-infested foliage (Table 6) (Fig. 8C, 8D) . 
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First year growth of infested trees in 2012 generally had higher mean concentrations of 342 all measured pigments than non-infested trees, but significantly greater concentrations were not 343 observed (Table 7) . Photosynthetic pigment values in second year growth also did not differ 344 between infested and non-infested foliage (Table 7) . .0001).
355
Infested hemlock foliage showed no statistical differences in Fv/Fm compared with non-
356
infested foliage over the five week sampling period (Fig. 9C ) ( Table 9 ). Statistically greater
357
PIabs for infested foliage was observed on 4 June (P = 0.05), 24 June (P = 0.01) and 1 July (P = 358 0.0002) (Fig. 10B ) ( Table 9 ). Infested foliage also had statistically greater PItot the weeks of 4
359
June (P = 0.02), 10 June (P = 0.006), 24 June (P = 0.004) and 1 July (P < 0.0001) (Fig. 10A) 
360
( Table 9) . statistically from non-infested foliage (Fig. 11A) . The MSI was found to be negatively 364 correlated with needle moisture content values (r = -0.43, P = 0.002) (Fig. 11B) . 
Discussion
366
Although past studies using Landsat TM data, VIs, and transformations to map high-367 severity HWA-induced defoliation have been successful (Bonneau et al. 1999 was also the least defoliated based on field ratings (1.14 ± 0.43). The Massabesic Experimental
372
Forest plot, although being newly infested, had the highest defoliation average of 1.58 (± 0.68).
373
To conclude that no relationship between infestation intensity and defoliation existed based on 374 four sites would be presumptuous; however, hemlock defoliation and mortality as seen in the
375
Mid-Atlantic and southern New England states had not yet occurred at these site locations.
376
The apparent lack of defoliation and mortality that is commonly associated with HWA 377 infestation may be partially explained by site geographic location. Orwig et al. (2012) addition, a possible confounding link between the NIR 3/1 ratio and leaf turgidity cannot be 470 ignored as the patterns in the MSI and NIR 3/1 indices were similar (Hunt and Rock 1989) . where water availability is low or to chronically infested sites during decline cycles.
481
Hemlock woolly adelgid infestation undoubtedly negatively affects hemlock health in the 
495
The increase in photosystem capability in HWA infested hemlock, as indicated through 496 the pigment extraction, reflectance and fluorescence data, may be the result of several factors.
497
First, Gómez et al. (2012) documented that after the first year of HWA infestation total amino 498 acid concentration in new un-infested foliage was 330% greater than in the control treatment.
499
Whether the increase in free amino acids was either a manipulation of the host species by HWA 500 or a systemic compensatory response whereby N was reallocated from stressed to non-stressed 501 foliage was unknown; regardless, our data suggests that an increase in N may have resulted in machinery resulted in greater photosynthetic rates (Rubino et al. 2015 
